Multicolor karyotyping technologies, such as spectral karyotyping (SKY) Liyanage et al. 1996) and multiplex (M-) FISH (Speicher et al. 1996) , have proved to be extremely useful in prenatal, postnatal, and cancer cytogenetics. However, these technologies have inherent limitations that, in certain situations, may result in chromosomal misclassification. In this report, we present nine cases, which fall into five categories, in which multicolor karyotyping has produced erroneous interpretations. Most errors appear to have a similar mechanistic basis.
1997; Uhrig et al. 1999 ) and have been effective in determining the chromosomal composition of ambiguous marker chromosomes (Haddad et al. 1998) . Because of the increased number and complexity of chromosomal aberrations, neoplastic cells are a particularly attractive target for multicolor karyotyping (Veldman et al. 1997; Sawyer et al. 1998) . Although these technologies are becoming more widely applied to cytogenetic studies and clinical diagnoses (Eils et al. 1998; Lindbjerg Anderson et al. 2000; Lu et al. 2000) , their limitations are ill defined.
We present nine cases (table 1) in which multicolor classification yielded misleading results. Our collective analyses suggest that most multicolor karyotyping errors have a similar mechanistic basis. Structural rearrangements, which juxtapose nonhomologous chromosome material, frequently result in overlapping fluorescence at the interface of the translocated segments, a phenomenon sometimes referred to as "flaring" (Lu et al. 2000) . This flaring effect can obscure or distort the fluorescence pattern of adjacent chromatin, leading to misinterpretation by the multicolor karyotyping systems.
Metaphase chromosomes were hybridized with commercially available SKY or M-FISH probe sets. SKY paints were analyzed on an SD200 SpectraCube System (Applied Spectral Imaging), and M-FISH probes were analyzed on a Genus/Chromofluor System (Applied Imaging International). To corroborate structural rearrangements, у10 metaphase cells were analyzed for each case followed by one-or two-color whole-chromosome-painting (WCP) procedures. Misclassifications were identified as discrepancies between the multicolor karyotype results and WCP data. The observed discrepancies fell into one of the following contexts:
1. False insertions at the interface of translocated segments. In case 1, two seemingly complex three-way translocations were observed, involving chromosomes Y, NOTE.-C p CoBRa probe set (Tanke et al. 1999) ; S p Spectravision probe set. a Karyotype published by Nordgren et al. (2000) . b Karyotypes published by Jin et al. (2001) . 15, and 19; and 13, 15, and 17 . The small intercalated segments from chromosome Y, in the former case, and chromosome 15, in the latter, could not be corroborated by WCP (fig. 1a) . In case 2, SKY interpreted Y-chromosomal material between 8 and X chromatin in a der(X)t(X;Y;8). Painting only corroborated the presence of 8 and X material. A more complex scenario was seen in case 3, where multiple supernumerary marker chromosomes were shown, by M-FISH, to contain material from chromosomes 5, 9, 12, and 15 ( fig. 1e ). Although the relatively large segments of material from chromosomes 5, 9, and 12 were corroborated by conventional WCP, small intercalary chromosome-15 segments could not be validated ( fig. 1e ).
2. Misclassified small insertions. In case 4, a deletion in 8q was observed by G-banding, whereas M-FISH failed to show any chromosome 8 rearrangements (fig. 1b). When WCP14 was performed to confirm a der(14)t(8;14) detected in the same case, chromosome-14 material was also found inserted into 8q.
3. Misclassified small translocations. Case 5 showed no aberrations by conventional banding, but SKY showed a small segment of chromosome-21 material translocated to 12p13. WCP21 could not confirm this finding, and additional WCP experiments revealed that the translocated segment actually originated from chromosome 8. Case 6 exhibited a similar scenario, involving a small segment translocated to 1p35. In different metaphase cells, M-FISH identified this small segment as being from chromosomes 4, 8, or 17 ( fig. 1c ). Dual-color painting showed that the added material originated from chromosome 8. No material from either chromosome 4 or chromosome 17 could be detected.
4. Rearrangements involving pericentric regions. Case 7 contained a large marker chromosome that could not be resolved by conventional banding. M-FISH classified it as material from chromosome 12, flanked on the telomeric side by material from chromosome 13 and on the centromeric side by a small segment from chromosome 17 ( fig. 1d) . Painting confirmed the presence of material from chromosomes 12 and 13 but showed that the segment classified as 17 actually originated from chromosome 13. In case 8 (not shown), a murine tumor, analyzed with the SKY mouse probe set, identified a der(9)t(9;19). Painting corroborated this aberration but also detected a der(19)t(9;19) with a breakpoint close to the centromere, indicating that the observed translocation was apparently balanced.
5. Coamplification of material from nonhomologous chromosomes. The large marker chromosomes in case 3 were shown, by M-FISH, to contain mostly chromosome-12 material with occasional chromosome-1 foci at the edges ( fig. 1e ). Minimal color spotting was observed on the other M-FISH-interpreted chromosome images, indicating an effective hybridization. Subsequent two-color chromosome-painting experiments demonstrated an interspersed distribution of material from chromosomes 1 and 12 in this chromosome region, suggestive of high copy number, coamplification of material from these two chromosomes. In case 9 (not shown), several supernumerary ring chromosomes were observed, which could not be further resolved by G-banding. SKY analysis classified these as r(5;12), whereas M-FISH analysis classified them as either r(3;12), r(9;12), or r(12;15), in different metaphase cells. Painting for these chromosomes consistently showed rings containing material only from chromosomes 9 and 12 in more than 15 analyzed cells.
It has been well accepted that SKY/M-FISH is incapable of detecting intrachromosomal rearrangements such as duplications, deletions, or inversions (Uhrig et al. 1999) . Furthermore, the resolution of insertions/ . WCP experiments showed that the material originated only from chromosome 8 (right). d, Partial karyotype of a marker chromosome from case 7: the marker chromosome appeared to be comprised of three chromatin components (pseudocolored M-FISH image on left). M-FISH classified these components as arising from chromosomes 17, 12, and 13 (center). WCP experiments showed that the proximal and distal components of this chromosome are both material from chromosome 13 (right). No chromosome-17 material was detectable by WCP (Vysis). e, Partial karyotype of a large marker chromosome from case 3: M-FISH classification suggested that this marker chromosome contained mainly material from chromosomes 9, 12, and 5 (left). WCP experiments showed that the region containing material from chromosome 12 was actually comprised of coamplified material from chromosomes 1 (red) and 12 (green). Light-blue intercalated segments, corresponding to chromosome-15 material, could not be validated with a chromosome-15-specific paint probe (Vysis) and were therefore considered artifactual. translocations on metaphase spreads from lymphocytes has been estimated at ∼1 Mb for both SKY Fan et al. 2000) and M-FISH (Jalal and Law 1999) . However, several factors can result in suboptimal SKY/M-FISH conditions and lead to an increased propensity for chromosome classification errors. Poor chromosome preparations and inadequate pretreatments can result in increased cytoplasm and inferior probe hybridization. Overdenaturation of the chromosomes disrupts the chromatin compaction, leading to a decrease in the signal intensity for a given locus and increased fluorescence flaring. Drying out of the probe during hybridization can reduce hybridization efficiency and increase background. Finally, the analysis of relatively short chromosomes decreases the physical resolution of detecting translocations/insertions.
In this report, we have presented other limitations for multicolor karyotyping systems that appear to have their basis in algorithmic interpretation of fluorescence flaring. Although this fluorescence flaring can also be seen in conventional chromosome-painting experiments, algorithmic interpretation is not required and thus does not result in similar misinterpretations. Fluorescence flaring, at the boundaries of juxtaposed chromosome regions of different origins, can lead to the false interpretation of additional nonhomologous chromosome fragments. Caution is therefore particularly warranted when the "inserted" chromosomal material has a characteristic fluorochrome combination that is a mixture of the fluorochrome profile of the two adjacent chromosome segments.
Fluorescence flaring also appears to be a significant cause for the misclassification of rearrangements involving small chromosomal segments ( fig. 2 ). Both insertions (case 4) and translocations (cases 5 and 6) involving small euchromatic segments have been missed/misclassified. In the former case, the inserted chromosomal segment was labeled with the same fluors as the receiver chromosome but in a different ratio. In the latter cases, the false classifications had a fluor combination con-taining a mix of fluors from both translocation partners. A contributing factor may also be that small translocations can be lost during the employment of automatic segmentation masking used by certain M-FISH software. This program subroutine attempts to automatically determine the chromosome contours using the DAPI counterstaining. Fluorescent signals beyond these established boundaries are then considered unimportant and are eliminated during automatic background subtraction. Because DAPI staining is sometimes less intense at the ends of human chromosomes, fluorochrome information at these chromosomal regions may be lost or misinterpreted.
Pericentric regions contain highly repetitive DNA sequences, which are shared by several chromosomes (Choo 1997; Lee et al. 1997) . Incomplete suppression of these repetitive elements can lead to intense and uninterpretable multicolor fluorescence, capable of blending with the fluorescence profile of the immediately juxtaposed chromosomal region (Eils et al. 1998; Castleman et al. 2000) . Mouse chromosomes, with their prominent centromeric heterochromatin, may be more problematic in this regard than human chromosomes.
Detection of coamplified material from nonhomologous chromosomes is difficult, at best, when current multicolor karyotyping systems are used. Depending on the respective size of coamplified segments, two scenarios can be envisioned. Either the array of coamplification will be interpreted as a homogeneous mixture of the fluorochromes used to label the two contributing chromosomes or one of the fluorochrome combinations will prevail during algorithmic data processing. The former scenario leads to misclassification of the entire region, whereas the latter may result in failure to detect one or several amplified components. To our knowledge, there have been no reports of coamplification successfully resolved by multicolor classification alone. Because genomic amplification involving material from at least two chromosomes occurs with significant frequency in tumor cells (Guan et al. 1994 ), this appears to be an important limitation in multicolor analysis of neoplastic cells.
Multicolor karyotyping generally has a high level of accuracy and therefore is becoming an important tool in the karyotypic analyses of prenatal, constitutional, and tumor cases. It provides an effective screening method for the entire genome in a labor-efficient manner when a priori discrimination of the specific chromosomal aberrations is not available. However, because of these inherent problems of SKY/M-FISH, it is highly recommended that these technologies not be considered as complete on their own and that they be confirmed with other molecular cytogenetic technologies or conventional banding techniques. Careful examination of an associated G-banded/inverse DAPI image is mandatory. Where translocations/insertions are inferred, oneor two-color chromosome-painting experiments should be performed to corroborate the M-FISH/SKY interpretations. This especially applies to interpretations of nonreciprocal rearrangements where two-color painting experiments occasionally demonstrate apparently reciprocal exchanges (cases 4 and 8). If available and warranted, other techniques-such as comparative genomic hybridization or reverse chromosome painting with microdissected/flow-sorted chromosome material (Lu et al. 2000) -could be used to verify the karyotypic information.
